A new approach leading to the development of gas analytical detectors is reported. The approach is based on measurements in the near-cathode plasma of fine structures associated with atomic and molecular plasma processes of the high energy portion of the electron energy distribution function (EEDF). A short (without positive column) dc discharge with cold cathode and conducting walls was used. The EEDF measurements in a dc discharge are technically simpler and have dramatically better sensitivity than in the afterglow since temporal resolution is not required. Additional increased probe sensitivity is achieved by using a large-area, larger-radius-of-curvature conducting wall as the probe instead of the more common thin cylindrical Langmuir probe. The wall probe, being almost flat, also greatly reduces the ion current contribution to the measurements. The new approach allows for the development of micro-analytical, dc plasma electron spectroscopy (PLES) gas detectors that are operational up to atmospheric pressure.
Introduction
A method for analyzing the fine structures of the high energy portion of the electron energy distribution function (EEDF) in an afterglow plasma is known as plasma electron spectroscopy (PLES) [1, 2] . This method originated in the work of Blagoev et al. [3] and has been developed further in Refs. [4, 5] . Under the condition of nonlocal EEDF [6] , energetic electrons, arising from different plasma-chemical reactions, do not lose their energies in the plasma volume giving rise to characteristic maxima in the EEDF. Measurements of the high energy portion of the EEDF can, therefore, give analytical information about the gas mixture. In afterglow plasmas, the energetic electrons have energies typically greater than one eV, while the bulk electrons have average energies of order of 0.1 eV. Due to the low, bulk electron temperature, the corresponding maxima can be easily observed and resolved. Volkova et al. [7] appears to be the first to suggest and use PLES for the determination and control of absolute densities of the components of a gas mixture.
It is clear that a similar approach can be used, not only for afterglow plasmas, but for any plasma with a low electron temperature T e (afterglow-like plasma). One example is the plasma of a dc discharge near a cold cathode where T e can be close to room temperature [8] . In a dc discharge, the EEDF measurements are technically simpler and have dramatically better sensitivity than in an afterglow plasma since temporal resolution is not required. However, previous probe measurements of the EEDF in the vicinity of the cathode [9] , using a cylindrical Langmuir probe, demonstrated that although electrons from the plasma-chemical processes were observable, it could not be used for analytical purposes as the measured EEDF was significantly distorted and the maxima were poorly resolved.
In this paper, we report a new approach to probe measurements in the vicinity of a cold cathode leading to the development of gas analytical sensors (dc PLES detectors). For this purpose, a short (without positive column) dc discharge with cold cathode and a wall probe was used. The area of the wall probe was significantly larger than the more typical cylindrical Langmuir probe. The large probe surface area leads to a dramatic increase in the probe sensitivity. The distortion of the EEDF measurements by the ion current is significantly reduced due to the much greater probe radius of curvature than the near-wall sheath thickness. Consequently, the ion current only weakly depends on the probe voltage for negative potentials. It is also important to note that the discharge dimension can be dramatically reduced by using a wall probe since there is no need to insert cylindrical Langmuir probes into the plasma. Reducing the discharge dimensions allows for increased gas pressures where the condition of electron nonlocality is valid and the PLES method is applicable. Micro-discharges with characteristic scales of a fraction of a millimeter satisfy the electron nonlocality condition for pressures up to thousands of Torrs (see discussion in the next section) leading to the possibility of developing micro-analytical gas sensors for atmospheric pressures.
To the best of our knowledge, wall probes have so far not been used for the EEDF measurements and so the next section will discuss the basics of the wall probe method. The differences between small (much smaller than the discharge wall dimension) and large (comparable to the dimension of the wall) probes are detailed. In contrast to small probes, large probes can distort the whole plasma with the application of additional potentials. Due to this, the measured EEDF does not necessarily accurately reflect the EEDF of an undisturbed plasma when the probe is floating. Nevertheless, the increased sensitivity of large probes may be important in measuring the fine structures of high energy electron spectra for the development of PLES gas detectors. In this case, knowledge of the undisturbed EEDF can be compensated for by calibration with gas mixtures of known composition. Moreover, any possible distortions of the EEDF during probe measurements can be numerically modeled in the detector plasma cell. The third section will describe measurements of fine structures of high energy electron spectra by a large wall probe. The paper will conclude with a discussion of the measurements.
Basics of the wall probe method
Typically, a wall probe is an electrically isolated segment of the plasma volume wall, serving to either replace or cover the otherwise continuous plasma volume wall and collects the current from the plasma for different probe potentials. The wall probe does not require a probe holder and thus reduces the disturbance of the plasma. The wall probe can be a convenient instrument for the measurements of micro-discharge plasmas where ordinary cylindrical probes are difficult to apply due to obvious construction limitations. The EEDF is measured by applying negative potentials to the probe and using the appropriate probe theory [2, 10, 11] . If the probe dimension (radius) R is smaller than the electron mean free-path-length λ e , collisionless theory is used. In this case the EEDF is proportional to the second derivative of electron probe current I e with respect to the probe potential V , d
2 I e /dV 2 [11] . If R is greater than λ e (R > λ e ), the electrons have diffusive movement to the probe and the EEDF is proportional to the first derivative of electron probe current with respect to the probe potential dI e /dV .
The probe measures the EEDF within the distance of electron energy relaxation length λ ε from the probe. Within λ ε , the EEDF is nonlocal and does not depend on the spatial coordinate as a function of full (kinetic and potential) energy [6] . If the electron energy relaxation length is greater than the plasma volume size, L, (this is the nonlocal EEDF in the volume), the EEDF is the same at any point of the plasma, as a function of full electron energy and therefore can be measured by the wall probe for the entire volume. For elastic collisions of electrons, in noble gases, the condition is typically met for p × L < 10 Torr×cm, where p is the gas pressure. Thus, for atmospheric pressure noble gases, L is of the order 100 μm.
As usual for probe measurements, an important issue is the disturbance of the plasma by the probe. Basically the probe disturbs the plasma for the distance of the probe dimension R. If the measurements are conducted with a small wall probe of dimension R much smaller than L, the plasma distortion should be negligible. Therefore application of small probes is straightforward and does not require additional justification. In the case of large wall probes, where the probe dimension is comparable to the plasma volume size, (R ∼ L), the application is more questionable. This is because the additional potentials applied to the probe can significantly change the properties of the entire plasma thus altering the plasma properties the probe is attempting to measure; the measured EEDF belongs to a different plasma for different energies (probe potentials). However, using the large wall probes may be important for applications where high sensitivity is essential, but exact knowledge of the undisturbed plasma EEDF is not very important and/or the results of the measurements can be correctly interpreted.
An important issue for the development of gas analytical sensors based on the dc-PLES approach is the electron energy spectral resolution. The electron energy resolution is related to the probe current collection sensitivity which depends on the potential applied to the probe. However, as mentioned previously, the potential applied to the large wall probe can disturb the plasma. Measuring a characteristic high energy electron from a constituent gas component in the EEDF can be accomplished with a small change of the probe potential and thus a negligible www.cpp-journal.org change of the plasma properties. Measuring high energy electrons from differing gas components over a broad energy region in the EEDF is where the difficulties lie, as the probe potential must be swept over a large range. The plasma is disturbed and changes with the probe potential so that the ratio of the gas component densities will change with applied probe potential. This however can be corrected for by calibrating with known gas mixtures or numerical modeling of the plasma detector cell so that accurate gas density ratios can still be measured. Even though the ratios of the high energy electron features in the EEDF change with probe potential, the presence of a specific target gas component can still be monitored in a gas mixture from the measured EEDF. Thus any component of the gas mixture or the general identification of the various gas components can be done with the PLES detector without any additional correction. Also, during the electron energy spectrum measurements, the wall probe potential is usually negative and collects the ion current, which is smaller than the electron saturation current so that the disturbance of the plasma is minimized during the measurements.
Experimental
Experiments in a short discharge (near-cathode plasma) with cold cathode were performed to demonstrate the practical usage of a large wall probe. The experimental device is shown schematically in The discharge occurs between a plane, disk-shaped molybdenum cathode (C) and anode (A). The plasma channel is bounded by a thin cylindrical stainless steel wall (W). The cathode and anode are each 2.5 cm in diameter. The distance between the cathode and anode was 1.2 cm. In this configuration the wall W was used as the large probe. In some experiments, the discharge was between a negatively biased wall (in this case the wall was the cathode) and the grounded anode while the electrode C was the large probe. The results from either configuration were generally the same.
The discharge device is enclosed in a glass chamber. The glass chamber was pumped down to a residual pressure of 10 −7 Torr and then filled with spectrally pure inert gas or gas mixtures. Experiments were performed with helium, neon, argon, and in mixtures of oxygen and argon or helium and argon. The total gas pressure ranged from 0.2 to 15 Torr, and the discharge current varied from 0.2 to 10 mA.
Results and Discussion
It is known, that the near-cathode plasma has a complex structure. A detailed description and discussion on it can be found elsewhere [12] . For the purpose of this paper it is important that the plasma contains energetic electrons accelerated in the near-cathode sheath in the direction of the anode. Those electrons ionize the gas and produce the plasma. They also create excited and metastable atoms in volumetric processes, which can in turn generate other groups of energetic electrons. Examples of volumetric processes that produce energetic electrons are Penning ionization,
collisions of the second kind between excited atoms and slow electrons,
and electron detachment in electronegative gases,
where (1) and (2) for different noble gases are in the range 4 to 20 eV with Xe the lowest and He the highest [13] .
Typical results of measurements of the probe current, I w , its first, dI w /dV , and second derivatives, d 2 I w /dV 2 , with respect to the probe voltage in pure helium are shown in Fig. 2 . Here, I w is the total (electron I e and ion I i ) current to the wall. Two peaks at wall voltages of approximately -15 and -20 eV, are clearly seen in d 2 I w /dV 2 . The first peak corresponds to electrons arising from reaction (1) and the second peak corresponds to electrons arising from reaction (2) for He metastable atoms.
The mean free path length for electrons under the discharge conditions used for Fig. 2 is less then 0.1 cm. Thus it is expected that diffusive probe theory is the appropriate theory and that the EEDF is proportional to dI w /dV . However, as seen in Fig. 2 , the second derivative, d
2 I w /dV 2 , most resembles the near cathode plasma EEDFs measured and modeled by different authors (see, for example, [14] ). The reasons why the EEDF measured corresponds to d 2 I w /dv 2 is not clear at present. It could be connected, for example, to variations of the plasma properties during the measurements; this will be the subject of future investigations. However, for the basis of a dc-PLES gas detector, it is only important that d 2 I w /dV 2 exhibits maxima at the characteristic energies corresponding to volume processes in He and that the probe measure these maxima. The maxima in d 2 I w /dV 2 are shown in Fig. 3 , for different discharge currents in He. Figure 4 shows d 2 I w /dV 2 for a mixture of helium (95%) and argon (5%). In this case the maximum near 4 eV is clearly visible corresponding to the Penning ionization of Ar atoms by metastable He atom. The He metastable maxima at 15 and 20 eV (in Figs. 2 and 3 ) are significantly reduced due to the quenching of He metastable by Ar. The maxima at energies between 6 to 12 eV most likely are due to reactions with Ar metastable.
The maxima in d 2 I w /dV 2 for neon, argon, and oxygen (20%)/argon (80%) mixture are shown in Fig. 5 . The peaks in d 2 I w /dV 2 for pure neon and argon at 16.6 eV and 11.5 eV, result from collisions of slow electrons with the excited atoms (reaction (2)). The small peak in the oxygen argon mixture near 4 eV is probably due to electron detachment (reaction (3)) for oxygen. Energetic electrons from detachment in oxygen have an energy of 3.6 eV.
For comparison with measurements in a dc discharge, measurements were performed in the afterglow of a pulsed discharge in the same plasma device. In the afterglow, only energetic electrons produced in reactions (1) and (2) remain since there are no energetic electrons produced by acceleration from the cathode. Thus the only significant contribution to the high energy portion of the EEDF comes from energetic electrons produced in reaction (1) and (2) . The maxima should be more readily observed since there is negligible underlying signal from the energetic electrons produced from the cathode. Typical results of the measurements of d 2 I w /dV 2 for He and Ar mixture are shown in Fig. 6 . In this case the density of Ar was much smaller than for the density in Figure 6 also supports the observations from the dc discharge that d 2 I w /dV 2 is proportional to the EEDF. If the EEDF was proportional to dI w /dV rather than d 2 I w /dV 2 , the peaks in d 2 I w /dV 2 would show the characteristic negative and positive going peaks, of a second derivative of a maximum signal. This measurement supports observation that the EEDF is proportional to d 2 I w /dV 2 in the dc-discharge device.
The area under a peak in the energy spectrum corresponds to the density of energetic electrons resulting from a specific reaction. The ratio of different constituents of a gas mixture can be obtained from the areas under the peaks corresponding to those constituent reactions. For example, the ratio of the peak areas at 15 and 20 eV in Fig. 3 yields the ratio between He metastable atoms and slow electrons [5] . Furthermore, the maximum at 20 eV grows faster than the maximum at 15 eV with increasing the discharge current. As noted in Fig. 3 , the maximum at 15 eV corresponds to Penning ionization of two He metastable atoms and the maximum at 20 eV is proportional to the deactivation of He metastable by slow electrons. Thus, the energetic electron density grows faster than the He metastable density in the dc-discharge.
The addition of another gas to the discharge volume can alter the energetic portion of d 2 I w /dV 2 and can therefore be used for gas analysis. Adding a small amount of argon (5%) to helium creates an additional maximum at an energy around 5 eV compare with Fig. 4 . Comparison of areas under the peaks allows a measurement of the gas density ratio.
Finally, this approach gives the possibility of probe investigations of microplasma properties and EEDF measurements which can be difficult with ordinary electric probes. This method, on the basis of PLES, in principle permits the development of gas micro-analyzers with dimensions of the order of 100 μm and operation at atmospheric pressure.
